It has been demonstrated that foot-and-mouth disease virus (FMDV) can utilize at least four members of the ␣ V subgroup of the integrin family of receptors in vitro. The virus interacts with these receptors via a highly conserved arginine-glycine-aspartic acid amino acid sequence motif located within the ␤G-␤H loop of VP1. While there have been extensive studies of virus-receptor interactions at the cell surface, our understanding of the events during viral entry into the infected cell is still not clear. We have utilized confocal microscopy to analyze the entry of two FMDV serotypes (types A and O) after interaction with integrin receptors at the cell surface. In cell cultures expressing both the ␣ V ␤ 3 and ␣ V ␤ 6 integrins, virus adsorbed to the cells at 4°C appears to colocalize almost exclusively with the ␣ V ␤ 6 integrin. Upon shifting the infected cells to 37°C, FMDV capsid proteins were detected within 15 min after the temperature shift, in association with the integrin in vesicular structures that were positive for a marker of clathrin-mediated endocytosis. In contrast, virus did not colocalize with a marker for caveola-mediated endocytosis. Virus remained associated with the integrin until about 1 h after the temperature shift, when viral proteins appeared around the perinuclear region of the cell. By 15 min after the temperature shift, viral proteins were seen colocalizing with a marker for early endosomes, while no colocalization with late endosomal markers was observed. In the presence of monensin, which raises the pH of endocytic vesicles and has been shown to inhibit FMDV replication, viral proteins were not released from the recycling endosome structures. Viral proteins were not observed associated with the endoplasmic reticulum or the Golgi. These data indicate that FMDV utilizes the clathrin-mediated endocytosis pathway to infect the cells and that viral replication begins due to acidification of endocytic vesicles, causing the breakdown of the viral capsid structure and release of the genome by an as-yet-unidentified mechanism.
Foot-and-mouth disease is a highly contagious viral disease of cloven-hoofed livestock caused by Foot-and-mouth disease virus (FMDV), the type species of the genus Aphthovirus of the family Picornaviridae. The virus is a positive-strand RNA virus containing a genome of approximately 8,400 nucleotides (reference 33 and references therein).
FMDV initiates infection in cultured cells by binding to any of four members of the ␣ V subgroup of the integrin family of cellular receptors (␣ V ␤ 1 , ␣ V ␤ 3 , ␣ V ␤ 6 , and ␣ V ␤ 8 ) (16, 27, 36, 39, 40, 60) via a highly conserved arginine-glycine-aspartic acid amino acid sequence motif located within the ␤G-␤H loop of VP1 (6, 30, 46, 52) . We have recently shown that the ␣ V ␤ 6 integrin acts as a high-affinity receptor for the virus while ␣ V ␤ 3 interacts with virus with a much lower affinity (28) . In addition, viruses of the type A serotype utilize both the ␣ V ␤ 3 and ␣ V ␤ 6 integrins as receptors in cultured cells, while serotype O viruses have an affinity for the ␣ V ␤ 6 integrin (27) .
While the initial events of FMDV-receptor interactions have been studied in detail, the subsequent events of virion entry and release of the viral genome are still not well defined. Interaction of enteroviruses with their receptors causes a conformational rearrangement of the virion, resulting in the release of VP4 and externalization of the N-terminal extension of VP1. This particle has been called an altered, or A, particle (31, 32, 42, 90) . The A particle appears to degrade further to an 80S particle by interaction with membranes and the release of the RNA genome (13) . In contrast, FMDV interactions with receptors do not result in structural changes to the virion (5, 28) . Rather, this event occurs during viral internalization and results in the breakdown of the virus to 12S pentameric subunits and the release of the RNA (3) (4) (5) 21) . Compounds which raise intracellular pH inhibit the breakdown, indicating that it occurs within acidic endocytic vesicles (3, 19, 20, 57) . Interestingly, the breakdown of the virion within the vesicle, while necessary for productive infection, is not sufficient, suggesting that additional steps are required (45) . Direct analysis of FMDV entry and events occurring subsequent to the virion entering the cell, however, has not been reported. Most nonenveloped viruses enter cells via endocytic mechanisms that are either clathrin, caveola, or lipid raft mediated (63, 78) . Analysis of the internalization of human parechovirus 1 (HPEV-1) and human adenoviruses, which utilize ␣ V integrins as internalization receptors, have shown that both viruses use the clathrin-mediated endocytosis pathway for entry into the cell (41, 61, 95) , while the enterovirus echovirus 1, which utilizes the integrin ␣ 2 ␤ 1 as a receptor, enters via a caveolamediated, lipid raft-dependent mechanism (49, 64) .
In this study, we utilized confocal microscopy to follow viral entry after adsorption and to determine the cell structures which play roles in these events.
MATERIALS AND METHODS
Cell lines, viruses, and plasmids. Human mammary gland epithelial cells (MCF-10A) were obtained from the American Type Culture Collection (catalogue no. CRL-10317) and were maintained in a mixture of Dulbecco's minimum essential medium and F12-Ham's media (1:1; Life Technologies) containing 5% heat inactivated fetal bovine serum (FBS), 20 ng/ml epidermal growth factor, 100 ng/ml cholera toxin, 10 g/ml insulin, and 500 ng/ml hydrocortisone. COS-1 cells were maintained in Dulbecco's minimum essential medium containing 10% FBS, an additional 2 mM L-glutamine, and 1 mM sodium pyruvate.
FMDV type A 12 strain 119ab (A 12 ) was derived from the infectious cDNA clone pRMC 35 (71) , and type O 1 strain Campos (O 1 C) was derived from the vesicular fluid of an infected steer. Viral stocks were grown in BHK-21 cells and purified as previously described (51) . Titers were determined by plaque assay on BHK-21 cell monolayers using standard techniques (71) .
cDNA plasmids encoding the full-length bovine ␣ V , ␤ 3 , and ␤ 6 subunits have been described (27, 59) . Transient expression of bovine integrin subunits in COS-1 cells was performed as described previously (59) . Briefly, cells were transfected with 2 g each of cDNA plasmids encoding the bovine ␣ V subunit and the appropriate ␤ subunit, using the transfection reagent FuGene6 (Roche Molecular Biochemicals). After overnight incubation, the transfected cultures were infected with FMDV as described below.
Viral growth curve. Monolayers of MCF-10A or BHK-21 cells were infected with type A 12 or O 1 C virus at a multiplicity of infection (MOI) of 10 PFU/cell for 1 h at 37°C. At the end of the adsorption period, the inoculum was removed and the cells were rinsed with ice-cold MES (2-morpholinoethanesulfonic acid)-buffered saline (25 mM MES, pH 5.5, 145 mM NaCl) to remove residual virus particles. The monolayers were then rinsed with minimum essential medium containing 1% FBS and 25 mM HEPES, pH 7.4, and incubated at 37°C. At appropriate times postinfection, the cells were frozen at Ϫ70°C, and the thawed lysates were used to determine titers by plaque assay on BHK-21 cell monolayers.
Antibodies and reagents. Monoclonal antibodies (MAbs) 6HC4, directed against FMDV type A 12 , and 12FB, directed against type O 1 , have been previously described (8, 80) . A rabbit polyclonal antiserum to the C-terminal region of the FMDV 3A protein has been previously described (62) . MAb 2D11, directed against the FMDV nonstructural protein 3D pol , was obtained from E. Brocchi, Instituto Zooprofilattico Sperimentale della Lombardia e dell Emilia-Romagna, Brescia, Italy. MAbs LM609 (catalogue no. MAB1976), which recognizes the ␣ V ␤ 3 heterodimer (23), and CS␤6 (catalogue no. MAB2076), which recognizes the ␤ 6 integrin subunit (97) and the ␣ V ␤ 6 heterodimer (28), were purchased from Chemicon. To study virus entry, antibodies against the following human cellular structures were used: a rabbit polyclonal antibody against early endosomal antigen 1 (EEA-1) (Affinity Bioreagents) was used to identify early endosomes, a rabbit polyclonal antibody against the cation-independent mannose-6-phosphate receptor (CI-MPR) (Affinity Bioreagents) was used to identify late endosomes, and a rabbit polyclonal antibody against caveolin-1 and a MAb against clathrin (clone X22) were used as markers for caveolae and clathrin endocytosis pathways, respectively (Affinity Bioreagents). In addition, MAbs directed against the endoplasmic reticulum (ER) marker, protein disulfide isomerase (PDI; clone RL77; Affinity Bioreagents), Golgi zone area (clone 371-4; Sigma), ␤-COP (clone maD; Sigma), and transferrin receptor (TfnR; clone RVS-10; Chemicon) were used.
The following chemicals and inhibitors were used: monensin ionophore (Sigma), a lysosomotropic agent which raises the pH in endocytic vesicles (3), was prepared as a 10 mM stock solution in 95% ethanol and used at a 50 M concentration diluted in culture medium; nystatin (Gibco), which sequesters cholesterol and disrupts lipid rafts (1, 77, 99) , was used at a 25 M concentration diluted in culture medium; chlorpromazine (Sigma), which causes the loss of coated pits from the surface of the cell and the appearance of clathrin coats composed of the same subunits on endosomal membranes (41, 96) , was used at a 12.5 M concentration diluted in culture medium.
Infection of cells for confocal microscopy. Subconfluent monolayers of MCF-10A cells or transfected COS-1 cells expressing either bovine ␣ V ␤ 3 or ␣ V ␤ 6 , grown on 12-mm glass coverslips in 24-well tissue culture dishes, were infected with FMDV (MOI, 100 PFU/cell) for 1 h at 4°C in minimum essential medium containing 0.5% FBS and 25 mM HEPES, pH 7.4. After the adsorption period, the inoculum was removed, the monolayers were washed with medium, fresh medium was added, and the cells were incubated at 37°C. At the appropriate times after the temperature shift, cells were fixed with 4% paraformaldehyde and processed for immunofluorescence and confocal microscopy as described below.
In all of the figures, the times are listed as either minutes postadsorption (p.a.) or hours p.a. These times refer to the amount of time elapsed after the temperature was shifted from 4°to 37°C.
To investigate the effects of the inhibitory compounds (monensin, nystatin, and chlorpromazine), cells were incubated with the compounds for 30 min at 37°C prior to infection, and the compounds were present during the entire experimental period. Virus infection of the cells was monitored by counting the number of immunofluorescence (IF)-positive cells stained with MAbs reactive with viral structural proteins.
IF and confocal microscopy. After fixation, the paraformaldehyde was removed, and the cells were permeabilized with 0.5% Triton X-100 for 5 min at room temperature (RT) and incubated in blocking buffer (phosphate-buffered saline [PBS], 5% normal goat serum, 2% bovine serum albumin, 10 mM glycine, 0.01% thimerosa) for 1 h at RT. The fixed cells were then incubated with the primary antibodies overnight at 4°C. When double labeling was performed, cells were incubated with both antibodies together. The dilutions of the primary antibodies were as follows: anti-␣v␤3 (1/100), anti-␤6 (1/100), anti-FMDV (1/5), anti-caveolin-1 (1/200), anti-clathrin (1/100), anti-␤-COP (1/200), anti-TfnR (1/ 50), anti-EEA-1 (1/200), anti-CI-MPR (1/100), anti-PDI (1/200), and anti-Golgi (1/100). After being washed three times with PBS, the cells were incubated with the appropriate secondary antibody, goat anti-rabbit immunoglobulin G (IgG) (1/400; Alexa Fluor 594; Molecular Probes) or goat anti-mouse isotype-specific IgG (1/400; Alexa Fluor 488 or Alexa Fluor 594; Molecular Probes), for 1 h at RT. Following this incubation, the coverslips were washed three times with PBS, counterstained with the nuclear stain TOPRO-iodide 642/661 (Molecular Probes) for 5 min at RT, washed as before, mounted, and examined in a Leica scanning confocal microscope. Data were collected utilizing appropriate prepared controls lacking the primary antibodies, as well as using anti-FMDV antibodies in uninfected cells to give the negative background levels and to determine channel crossover settings. The captured images were adjusted for contrast and brightness using Adobe Photoshop software.
RESULTS

FMDV replication in MCF-10A cells.
Since foot-and-mouth disease affects livestock species such as cattle and pigs and can replicate to high titers in the hamster cell line BHK-21, it would have been advantageous to utilize either bovine cells, porcine cells, or BHK-21 cells for these experiments. However, since almost all of the available antibodies against intracellular organelles react only with human cells, we decided to perform most of these studies with the human breast tissue epithelial cell line MCF-10A. Since it has been shown that FMDV can utilize the human ␣ V ␤ 3 and ␣ V ␤ 6 integrins as viral receptors in vitro (40, 60) , we analyzed the expression of these integrins in MCF-10A cells by IF-confocal microscopy. The ␣ V ␤ 3 integrin was distributed on the cell surface as small discrete structures (Fig. 1a) . Examination of the distribution of ␣ V ␤ 6 , which was done by using a MAb that recognizes only the ␤ 6 subunit, showed a cytoplasmic localization for the subunit (Fig. 1b) . Both integrins were present in only a subset of cells. The distribution of the integrins in MCF-10A cells was similar to the distribution observed when primary cultures of fetal bovine kidney cells were examined (not shown). In addition, MCF-10A cells also express the ␤ 1 integrin subunit and the ␣ V ␤ 5 and ␣ 5 ␤ 1 integrins (not shown). The last two integrins are not FMDV receptors (27, 40, 60) . We did not analyze these cells for the expression of the other two FMDV integrin receptors, ␣ V ␤ 1 (39) and ␣ V ␤ 8 (36) .
The replication cycle of FMDV in MCF-10A cells was analyzed by growth curve and immunofluorescence. The growth kinetics of types A 12 ( Fig. 2a) and O 1 C (Fig. 2b ) in MCF-10A cells were similar to their kinetics in BHK-21 cells; however, the human cell line produced 2 to 3 log units lower viral titers than did BHK-21 cells (Fig. 2a and b) . Analysis of the local- FMDV colocalizes with integrins at the cell surface during adsorption. Both types A 12 and O 1 C were adsorbed to cells at 4°C, and localization of virus on the membrane in relation to the integrins ␣ V ␤ 3 and ␣ V ␤ 6 was determined by confocal microscopy. To locate the ␣ V ␤ 6 integrin on the cell surface, we utilized a MAb (CS␤6) which recognizes the ␤ 6 subunit (97). However, we have recently shown that this antibody also reacts with the intact heterodimer (28) . In nonpermeabilized cells, we can detect the ␤6 subunit on the cell surface (not shown), and since the ligand binding domains of active surface integrins consist of regions of both the ␣ and ␤ subunits (100), in this report we will consider that staining of this subunit on the cell membrane will identify the intact ␣ V ␤ 6 heterodimer.
Upon adsorption of either type A 12 or O 1 C to MCF-10A cells, virus colocalized with the ␣ V ␤ 6 integrin on the cell membrane (Fig. 3b) . However, neither virus appeared to interact with the ␣ V ␤ 3 integrin on these cells (Fig. 3a) . We found a few cells that faintly reacted with anti-FMDV antibodies and displayed positive staining for ␣ V ␤ 3 at the cell surface, but we were not able to detect any colocalization. Most of the cells that displayed strong staining for the viral capsid protein did not express ␣ V ␤ 3 at the cell surface (Fig. 3a) . Since we have shown that type A viruses can utilize both ␣ V ␤ 3 and ␣ V ␤ 6 integrins as receptors while type O viruses have a preference for the ␣ V ␤ 6 integrin (27), we transiently expressed the bovine ␣ V ␤ 3 or ␣ V ␤ 6 integrin in COS-1 cells and analyzed virus localization by confocal microscopy. Our results showed that type A 12 colocalized with both integrins while type O 1 C colocalized only with ␣ V ␤ 6 (not shown), confirming our previously reported results (27) . In addition, these results suggest that when both integrins are expressed on cultured cells, both types A 12 and O 1 C appear to have a higher affinity for the ␣ V ␤ 6 integrin.
FMDV internalizes in association with the ␣ V ␤ 6 integrin. To begin to analyze the internalization process, we followed both the virion and the integrin receptor after binding the virus to MCF-10A cells at 4°C and shifting the temperature to 37°C. Figure 4 shows that viral capsid protein can be seen entering the cell cytoplasm from the membrane as early as 15 min p.a. By 1 h p.a., the virion had translocated to the perinuclear region of the cell (Fig. 4) . These micrographs also reveal that ␣ V ␤ 6 is also redistributed and appears to internalize along with the virion. When uninfected cells were examined, we did not detect integrin internalization at 37°C (not shown), suggesting that virus binding to ␣ V ␤ 6 resulted in its internalization. This association can be observed for as long as 1 h p.a. Interestingly, the amount of integrin on the cell surface is decreased drastically by the internalization process (Fig. 4) and does not appear to return to preinfection levels throughout the infectious cycle (not shown). Similar results were obtained when these experiments were performed with either fetal bovine kidney cells or COS-1 cells expressing the bovine ␣ V ␤ 6 integrin (not shown).
FMDV internalizes via a clathrin-dependent mechanism. In order to determine the endocytic mechanism utilized by FMDV, we followed virion entry into MCF-10A cells, along with the distribution of either clathrin or caveolin-1. Figure 5a shows colocalization of both type A 12 and type O 1 C with clathrin within 5 min p.a., which has almost completely disappeared by 30 min p.a. In contrast, virus was not observed to colocalize 
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with caveolin-1, a marker for caveolae, even though the surfaces of these cells have a high concentration of the protein (Fig. 5b) .
To confirm these results biochemically, we infected cells in the presence of chlorpromazine, which inhibits clathrin-mediated endocytosis (41, 96) , and observed the number of viruspositive cells at 4 h p.a. by IF-confocal microscopy. We found that chlorpromazine markedly reduced the number of cells expressing viral antigen (Fig. 5c) . By counting infected and noninfected cells in multiple fields, we determined that there were about 50% infected cells per field in the control cultures and only about 4% infected cells per field in the chlorpromazine-treated cultures. In addition, in the presence of the drug, we were able to detect viral capsid protein at the surfaces of a small number of cells for as long as 30 min p.a., but no colocalization with clathrin (not shown). By 1 h p.a., we were unable to detect virus either on the cell surface or in the cytoplasm (not shown). We have previously shown that FMDV, after binding to the surface of the cell at 4°C, begins to elute from the cell surface as early as 5 to 10 min after the temperature is shifted to 37°C (5); thus, we did not expect to see virus on the cell surface at these later time points. These results, therefore, suggest that in the presence of chlorpromazine the virus can bind to the cellular receptor but is unable to internalize.
Although we had already seen that FMDV did not colocalize (1) could inhibit viral infection. By using IF-confocal microscopy, we observed no decrease in the number of virus-infected cells when infection was done in the presence of the drug compared to the control (not shown). Overall, these data indicate that FMDV entry into MCF-10A cells is clathrin dependent. FMDV traffics through early endosomes after entry. To evaluate the movement of virions through early endosomes, we utilized an antibody against the early endosomal protein EEA-1. Because this antibody did not detect the protein in MCF-10A cells, we used COS-1 cells expressing the bovine integrin ␣ V ␤ 6 . Examination of virus-infected cells showed colocalization of the viral capsid protein with the EEA-1 protein at 15 min p.a. which disappeared by 30 min p.a., indicating that the virus had already been translocated from the early endosomes (Fig. 6) . Interestingly, we were not able to detect virions in conjunction with CI-MPR, a marker of late endosomes (Fig. 7) .
Following internalization, some recycling receptors, such as TfnR, are known to pass through the early endosomes and then accumulate in recycling endosomes before they return to the plasma membrane (69, 92) . To further study FMDV entry, we examined the localization of FMDV capsid protein with TfnR. Double labeling with anti-FMDV capsid protein and anti-TfnR antibodies revealed colocalization for up to 1 h p.a.
(not shown), resembling the distribution observed for FMDV with ␣ V ␤ 6 (Fig. 4) .
It had been shown that the use of lysosomotropic agents, such as monensin, which raise the pH of endosomal vesicles, inhibited the replication of FMDV (3, 19, 20, 57) . To further understand this phenomenon, we examined FMDV-infected MCF-10A cells in the presence of monensin at 4 h p.a. Figure  8 shows that in the presence of the drug, both type A 12 ( Fig.   FIG. 3 
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O'DONNELL ET AL. J. VIROL. 8b) and type O 1 C (Fig. 8a) virions were found in small structures resembling endosomes, quite similar to the viral staining seen at very early times after the temperature shift ( Fig. 4 and  5 ). In contrast, viral proteins were distributed throughout the cytoplasm in untreated infected cells (Fig. 8) . In addition, in infected treated cells, the virus was still colocalizing with TfnR and the ␣ V ␤ 6 integrin as late as 4 h p.a. (Fig. 8) and was no longer colocalizing with the clathrin marker, which was not affected by monensin treatment (not shown). Thus, raising the pH of the early endosomes probably prevents the viral genome from being released to the cytoplasm to begin the replication cycle. This result confirms earlier results, which showed that monensin prevented the breakdown of the virus to pentameric subunits and RNA in infected cells (3) , and is in agreement with the above-mentioned results on viral trafficking through clathrin-coated vesicles. FMDV does not colocalize with the ER or the Golgi. We also examined the roles of both the ER and the Golgi apparatus during virus internalization. We used anti-PDI antibody as a marker for the ER and compared the distribution with that of the FMDV capsid protein in MCF-10A cells at early times p.a. The infected cells showed no colocalization of the viral capsid protein with the ER (Fig. 9) . Similarly, viral proteins were not found colocalized with the Golgi apparatus during early times p.a. (Fig. 9 ), suggesting that virus is not being delivered to the ER or Golgi during internalization.
We have previously demonstrated that BHK-21 cells infected with FMDV or transfected with a cDNA plasmid encoding the nonstructural protein 3A disrupted the Golgi apparatus (62) , resembling the disruption reported in studies examining the mechanism of action of brefeldin A (47, 48) . We have shown that FMDV replicates in the presence of brefeldin A (62) , which affects the budding of coatomer protein I (COPI)-coated membranes (44) . To further study if FMDV uses the retrograde transport system, we examined by IFconfocal microscopy whether a component of COPI, ␤-COP, 
DISCUSSION
In general, picornaviruses utilize endocytic pathways, which are either clathrin mediated, caveola mediated, or lipid raft dependent, to enter cells after binding to their receptors (11, 24, 25, 35, 49, 63, 76, 78, 81, 84) . The current data suggest that the nature of the viral receptor determines the pathway of entry. At least four different picornaviruses utilize integrin receptors to infect cells. Echovirus 1, which utilizes the integrin ␣ 2 ␤ 1 as a receptor (14, 15, 89) , has been shown to utilize a caveola-mediated entry pathway (49, 64) , while HPEV-1, which utilizes the ␣ V ␤ 3 or ␣ V ␤ 1 integrin as a receptor (67, 83, 86) , uses the clathrin-mediated endocytosis pathway to enter the cell (41) . Coxsackievirus A9 can utilize the integrin ␣ V ␤ 3 as a receptor (74, 87, 88) and glucose-regulated protein 78 as a coreceptor (82) . The latter molecule appears to associate with a major histocompatibility complex class I molecule that is responsible for virus internalization via a lipid raft-dependent mechanism (85) . The results presented in this study indicate that FMDV, which utilizes the ␣ V integrins as receptors (references 9, 10, and 38 and references therein), enters the cell via a clathrin-mediated endocytic pathway.
Most of these studies were performed with the human breast epithelial cell line MCF-10A, since almost all the reagents available to detect cellular structures react only with human cells. Staining MCF-10A cells for the expression of the ␣ V ␤ 3 and ␣ V ␤ 6 integrins showed a heterogeneous cell population for integrin expression (Fig. 1) . While the two integrins appear to be expressed in different subpopulations of cells, we were not able to determine if there was coexpression in individual cells. MCF-10A cells were shown to be susceptible to infection with both serotypes, A 12 and O 1 C, with growth kinetics similar to those of BHK-21 cells (Fig. 2) . In addition, IF studies showed strong staining for newly synthesized capsid proteins after 4 h p.a. (Fig. 2) , as well as for nonstructural proteins 3A and 3D pol (not shown), indicating that this cell line is suitable for study of the early events during the viral replication cycle in vitro.
We have previously shown that ␣ V ␤ 6 acts as a high-affinity receptor for the virus, while ␣ V ␤ 3 interacts with the virus with a much lower affinity (28) . We have also shown that type A viruses can utilize both the ␣ V ␤ 3 and the ␣ V ␤ 6 integrins as receptors, while the type O viruses appear to preferentially utilize the ␣ V ␤ 6 integrin (27) . The experiments with MCF-10A cells support these data, showing that in cultures of cells which express either ␣ V ␤ 3 or ␣ V ␤ 6 , both types A 12 and O 1 C preferentially bind to the ␣ V ␤ 6 integrin (Fig. 3) . However, when COS-1 cells were transfected with cDNAs encoding either the bovine ␣ V ␤ 3 or ␣ V ␤ 6 integrin, we were able to detect colocalization of type A 12 with both integrins, while type O 1 C colocalized only with ␣ V ␤ 6 (not shown).
Following the binding of FMDV to the cell surface, we analyzed the entry route of the virus into the cell. FMDV appears to be internalized, in association with the ␣ V ␤ 6 integrin, into a structure resembling an endocytic vesicle and is translocated from the plasma membrane to the perinuclear region within 1 h p.a. (Fig. 4) . Interestingly, in contrast to the results presented here, the ␣ V ␤ 3 integrin does not appear to internalize or colocalize with HPEV-1 during the early phases of internalization (41) . Under normal conditions, ␣ V ␤ 3 , under the control of cellular growth factors, intracellular kinases, and GTPases, is internalized, traffics through endosomes, and then recycles to the plasma membrane for reutilization (72, 73, 98) . Similar studies have not been done with the ␣ V ␤ 6 integrin, but it appears that the integrin receptor does not recycle back to the surface, since we cannot detect surface integrin at 2 h p.a. (Fig. 4) and even at later times in the infectious cycle (not shown). It is not clear whether the surface integrin utilized to internalize the virus is degraded; however, since the virus inhibits cap-dependent cellular protein synthesis (26, 43) , it is unlikely that any newly synthesized integrin would be generated. In order to determine the endocytic pathway used by FMDV to enter the cell, the distribution of virus with markers for the clathrin or caveola pathway was examined. After adsorption at 4°C, virus appears to colocalize with clathrin as early as 5 min after the temperature is shifted to 37°C (Fig. 5) . By 30 min after the temperature shift, little or no colocalization of virus and clathrin can be observed (Fig. 5) , which probably is the result of the uncoating of clathrin from the clathrin-coated pit after separation from the plasma membrane (55) . In addition, virions did not colocalize with caveolin-1, a marker for the caveola-mediated endocytosis pathway, during the internalization process. To verify these results biochemically, we utilized chlorpromazine, a member of a class of compounds that inhibits the formation of clathrin-coated pits and causes pits to disappear from the cell surface (41, 96) . In the presence of this drug, viral infection was markedly inhibited. Finally, viral infection was not inhibited in the presence of nystatin, a cholesterol-sequestering and lipid-raft disrupting compound (1, 77, 99) . Clathrin-mediated endocytosis is generally not dependent on lipid rafts (63) .
It has also been shown that the virus can utilize at least two surrogate receptors to infect cells, Fc receptors (7, 51, 52 ) and a chimeric receptor consisting of a single-chain anti-FMDV MAb fused to ICAM-1 (70) . While Fc receptors have been shown to internalize via a clathrin-mediated route (50, 56) , ICAM-1, which is a receptor for the major group of human rhinoviruses (HRV) (12), does not contain endocytosis signals, and neither the transmembrane nor the cytoplasmic domain is essential for HRV infection (29, 79) . It has been shown, however, that major-group HRV is internalized into intracellular endosomes (76) via a dynamin-dependent mechanism (25) , but it is not clear whether the clathrin or caveola pathway is used. Cell culture-adapted FMDV has also been shown to utilize cell surface heparan sulfate (HS) as a receptor in cultured cells (37, 60) , which results in a loss of virulence for cattle (75) . Although the pathway of HS internalization of ligands is not clear, some recent results suggest that HS-mediated internalization of growth factors occurs via a caveola-dependent pathway (68) . Thus, the pathway utilized by FMDV for internalization appears to be a function of the receptor and not the virus.
We have not examined the role of dynamins during FMDV internalization. Dynamins are a family of GTPases that facilitate the budding of clathrin-coated pits, leading to the formation of coated vesicles (91) , and also mediate the caveoladependent pathway of internalization (34) . Although the role of dynamin in the internalization of HPEV-1 or CAV9, both of which utilize ␣ V integrins as receptors, has not been determined, the internalization of human adenovirus, which is mediated by the ␣ V integrins, is dynamin dependent (53, 54, 95) .
We detected virus in early endosomes within 15 min after shifting the temperature to 37°C (Fig. 6) . By 30 min, however, there was no staining of viral proteins in early endosomes, indicating that the virus was already translocated from the vesicle. We were not able to detect virus within late endosomes at times after 30 min, suggesting that virus was not being translocated to this cellular structure. To further examine this, we studied the distribution of FMDV with the TfnR, which passes sequentially through clathrin-coated early endosomes and recycling endosomes before returning to the plasma membrane in a dynamin-dependent manner (69, 92) . We found that FMDV and TfnR colocalized in the presence of monensin, which inhibits receptor recycling (2), indicating that FMDV is moving from the early endosomes to recycling endosomes rather than to the late endosomes, as was described for HPEV-1 (41). We were not able to detect any colocalization of FMDV capsid proteins with either ER or Golgi markers (Fig. 9) . Again, these results are in contrast to those observed with HPEV-1 (41) . However, these data confirm our previous results, demonstrating that FMDV replicates in the presence of brefeldin A, a compound that disrupts the Golgi apparatus and affects the budding of COPI-coated membranes (62) . We also found that virus did not colocalize with the COPI complex or with tubulin, a microtubule marker, during the internalization process (not shown). In addition, nocodazole, which disrupts microtubules and inhibits endosomal transport from early to late endosomes, did not inhibit FMDV replication (S. J. Berryman, S. Clark, A. Burman, P. Monaghan, and T. Jackson, Abstr. Seventh Int. Symp. Pos. Strand RNA Viruses, abstr. P1-B4, 2004), indicating that virus is not transported to the ER and Golgi apparatus. Thus, the data presented here indicate that neither the ER nor the Golgi is used by the virus during the internalization event.
FMDV is structurally unaffected by interaction with its receptor (5, 28) . The initial alteration of the 140S virion to 12S pentameric subunits probably occurs within acidified endocytic vesicles once the virus is internalized, resulting in the release of the RNA genome (4, 5, 21) . Further evidence of this is the finding that agents that raise the pH of endocytic vesicles inhibit FMDV replication and prevent this initial alteration (3, VOL. 79, 2005 FMDV INTERNALIZATION 8515 19, 20, 57) . In the present work, we found that in the presence of monensin FMDV is adsorbed to the cell surface and internalized normally but remains in structures that resemble endocytic vesicles for as long as 4 h after infection (Fig. 8) . These data further confirm previous experiments and indicate that preventing the acid-induced virion breakdown inhibits the release of the RNA genome to the cytosol. Thus, FMDV resembles the minor-group HRV, which are also dependent on lowpH-induced virion degradation for release of the viral genome through virus-induced pores in the endosomal membrane (65, 66) . The role, if any, of integrin cytoplasmic domain internalization signals in FMDV internalization has not been determined. Integrin ␤ subunit cytoplasmic domains contain a tetrameric NPXY sequence, which has been shown to be an internalization signal for the human low-density lipoprotein receptor (22) . It has been suggested, however, that while this sequence is not required for integrin internalization (93) , it is required for integrin signaling functions and adhesion (17, 18) . We have previously reported that deletion of almost all of the cytoplasmic domains of the ␣ V and ␤ 3 subunits does not prevent the integrin from mediating FMDV infection in cultured cells (58) . In addition, we also observed that mutation of the tyrosine within the NPXY sequence of the ␤ 3 subunit, which abolishes phosphorylation of the subunit and affects integrin avidity (17), did not affect the ability of the ␣ V ␤ 3 integrin to function as a receptor for type A virus (not shown). In contrast, Miller and coworkers demonstrated that removal of at least 80% of the C-terminal region of the ␤ 6 cytoplasmic domain, or deletion of the central region containing the NPXY motif, resulted in loss of the ability of the ␣ V ␤ 6 integrin to mediate viral infection subsequent to adsorption (57) . In addition, exchange of the ␤ 6 cytoplasmic domain with the ␤ 8 cytoplasmic domain abolished the ability of the ␣ V ␤ 6 integrin to both bind virus and mediate infection (36) . Taken together, these results indicate that the ␣ V ␤ 3 integrin is active in virus receptor activity even when its activity for cell attachment to vitronectin is abolished by either removing or mutating the cytoplasmic domain. There is a possibility that viral entry mediated by ␣ V ␤ 3 might not use the clathrin-dependent pathway. In contrast, the ␣ V ␤ 6 integrin requires the cytoplasmic domain for binding, internalization, or both. Removal of the three C-terminal residues of the ␤ 5 subunit prevented the release of the human adenovirus genome mediated by the ␣ V ␤ 5 integrin to the cytosol but did not prevent virus internalization (94) .
The data presented here indicate that FMDV interacts at the cell surface with integrins, and a mechanism that regulates receptor recycling is used by the virus during the internalization process. The virus enters the cell using the clathrin-mediated endocytosis pathway, trafficking throughout the acidified endocytic vesicles, where its capsid rapidly dissociates into pentamers, resulting in the release of the RNA genome.
